Renewable energy sources contribute to overcome the problem of environmental pollution and secure the energy independency every country needs, while at the same time the autonomous microgrids can improve the electrification rates of poorer countries. In this article, the modeling process and operation of an autonomous hybrid power system are studied for a hypothetical case study of electrification of a remote village of 100 inhabitants in Kenya. The microgrid consists of photovoltaics, wind turbine, batteries, diesel genset, basic loads of different priorities, water pumping and purification load. The system is modeled in Simulink MATLAB and is simulated in terms of power management. The primary load is categorized in different priorities, while water pumping and purification is used as deferrable load. The "load following" dispatch strategy is adopted. The outputs of the model are the power produced by the various sources and the power consumed by all loads during the simulation time, as well as the produced and consumed energy, information on the battery operation and the dumped power or the power shortage. Both the microgrid's operation and the performance of the dispatch strategy are evaluated considering the level on which the citizens' energy needs are covered and the efficient management of the produced energy. Managing the extra power or tackling the deficit of power in the system are the key issues to be addressed. After all, the model represents reliably the behavior of the microgrid and several improving actions are suggested, based on the results analysis.
I. INTRODUCTION Autonomous hybrid power systems in combination with Renewable Energy Sources and energy storage can have an important impact on the quality of life of the citizens in developing countries. There, the connection to the main electricity network is not always feasible nor reliable hindering the access of the locals in services affecting their health, well-being, education and financial development. [1] The operation of an autonomous hybrid power system for a hypothetical remote village of around 100-inhabitants in Kenya is simulated here, in order to investigate its potential and assess the chosen operational strategy in terms of how efficiently and reliably it can serve the consumers.
Initially, the design of the system is briefly described. The microgrid sizing and initial configuration has been decided upon the techno-economical optimization run at HOMER software based on the inserted data of power demand, weather and the costs of equipment components. The microgrid consists of photovoltaics, wind turbine, batteries, diesel genset, basic loads of different priorities, and water pumping and purification load.
Following that, the developed model of the system in Simulink MATLAB is described, including the general idea behind that, the various elements consisting the model and the control strategy in relation to power management inside the microgrid.
The parameters for the simulation are stated and results with the corresponding plots are extracted, which are analyzed in the third section. There, it is shown how important it is to tackle the different issues related to the efficient used of electrical energy to avoid having deficit in the system, but also wasting the produced energy. The goal is to design a system which can reliably upgrade the quality of life of the citizens, implement a strategy easily adaptable to the needs of the people and simulate it using a representative model to test the different strategies and improve the overall efficiency of the system.
A. Designing The System
The autonomous hybrid power system is assumed to electrify a village near Garissa town in Kenya. Its main components will be photovoltaic arrays, a wind turbine, a diesel genset as back up, battery bank as energy storage. It will feed the loads of the households and the primary school and will serve the need of the inhabitants for clean water. The microgrid configuration is shown in Fig. 1 .
The design of the system was done using Hybrid Optimization of Multiple Energy Resources (HOMER software) [2] resulting in a techno-economically optimized configuration. Initially, the power demand was decided along with the potential extra services the microgrid should provide, based on extensive literature and case studies survey, e.g. [3] , [4] , [5] , [6] , [7] , [8] . A thorough research was carried out in order to acquire data on local costs and equipment traded in the region [9] , [10] , [11] , [12] .
The energy demand to be satisfied is defined as follows:
The supply of electricity lasts the entire day and the load curve includes some household loads, the primary school load (which is considered of low priority), streetlight and water treatment load (deferrable load), as indicated at TABLE I.
Additional inputs inserted in HOMER were the temperature, clearness index for solar radiation and wind speed data, after having been acquired through TRNSYS software (and its meteorological database Meteonorm).
B. Microgrid's Configuration
The autonomous power system consists of the photovoltaic array (of 40 kW installed power) connected to the main ac bus of 230 V (phase voltage) through a DC/DC converter and inverter [13] , the wind turbine of 10 kW nominal power [14] connected to the grid through a rectifier and an inverter, the battery pack of total nominal capacity 6936 Ah [15] connected to the ac bus of the microgrid through a DC/DC converter and an inverter, the diesel generator of 9.5 kW nominal power, the primary and the deferrable loads. The primary load is divided in components of two different priorities: high and low. This categorization is needed while handling the power deficit in the system. The deferrable load includes the power spent on water pumping and purification, and can be considered as a supplementary storage application. The load following dispatch strategy (adopted here) implies that whenever a generator operates, it produces only the needed amount of power to feed the primary load. The charge of batteries and the deferrable load are of lower priority and thus, they are served only by the renewable energy sources. The deferrable load is of higher priority than the charging the batteries.
II. MODELING

A. General Description
The aim of this model is to simulate and analyze how the autonomous power system works and performs in terms of power management, in order to assess its efficiency and how well it can satisfy the needs of the inhabitants of the village on a day to day basis, while exploring different possibilities for energy management. The model is developed in SIMULINK MATLAB. In this model, none of the components is represented in every electrical detail and no power electronics appear individually in the model. This happens because here, focus is given on the relation between produced and consumed power and how they are going to be harmonized, while the simulation time can be longer on the order of days, as in [16] , [17] , [18] , [19] . The autonomous power system is as described in section I.C and all the loads are considered as ac. The microgrid model consists of several subsystems. The main inputs of the model are the hourly values of the solar irradiance G, the wind speed Vw, the temperature Temp and the high and low priority primary load Pplh and Ppll respectively, as well as the initial value of the State Of Charge (SOC) of the batteries. The outputs are the power produced by the various sources, the power consumed by all kinds of load during the simulation time, as well as the produced and consumed energy, data about the battery operation and the amount of power that may fail to be used or to be covered at other moments.
Namely, the subsystems comprising the main model are the Input Current Signals subsystem, the Power Need subsystem, the Deferrable Load subsystem, the Dump Load subsystem, the Diesel Generator and Load Shedding subsystem, the Batteries subsystem and the Scope subsystem.
B. Elements Modeling
The Input Current Signals subsystem includes the calculations of the produced power by the photovoltaics PPV and the wind turbine PWT, the current of each source and load except for the batteries. The efficiency factors of the power electronics and their relationship with the transferred power have been considered in the above calculations [20] . The Power Need subsystem includes the computation of the difference between the renewable power production and the power demand (from primary load) at every moment and its assignment to the signal Pdif, indicating the existence of surplus or shortage of electrical power in the system. The Deferrable Load subsystem is where it is decided if and which parts of the deferrable load will be fed. The power and energy consumption for water pumping and purification are also computed there. At the Dump Load subsystem, the dumped power and corresponding energy are calculated when the failure to absorb the excess of power in the system is detected. The Diesel Generator and Load Shedding subsystem is where it is decided if the diesel genset should be turned on and the power rate on which it should operate, or if load rejection needs to be done and the amount of the power demand that will be shut down. The Batteries subsystem controls the charge or discharge of the battery bank, computes the power exchanged with the system, the energy, the rms value of the current, as well as the SOC of the batteries. Finally, the Scope subsystem includes all the necessary graphs for the visualisation of the results related with the microgrid's operation. For more details on each element's model and equation, the reader can refer to [21] .
C. Control Strategy
In case there is excess of power in the system (Pdif >0), the energy consumed by the deferrable load Edel is the parameter to be firstly checked. There is a minimum value ED_min, corresponding to certain time of water pumping and purification to ensure that there will always be enough clean water for the people. For the deferrable load to be activated, the Pdif should be more or equal to the power needed for water pumping. There is a predefined value for its daily energy consumption Edel_daily, after which the deferrable load does not get activated any more. Is important to note here that Edel metric is reset every 24 hours, so that it starts each day with value 0. Water pumping precedes water purification. The next parameter to be checked is the current SOC of the batteries. There is a maximum SOCmax and minimum SOCmin allowed value and an intermediate one approximately at around 60%. It is not allowed to violate the defined limits and is preferable if it stays more time above the intermediate value. It should also be noted, that there are certain limits for the charging rate of the batteries and maximum power and current; these limits cannot be violated neither. So, either only the deferrable load will be activated, either only the batteries will get charged or all of them will be provided with electrical energy. In the worst case of excess power, where Pdif is too high and cannot be covered by the above actions, the rest of the produced power is dumped Pdump. The respective flow chart is depicted in Fig. 2 .
In case there is deficit of power in the system (Pdif <0), the first parameter to be checked is the SOC of the batteries. If it is higher than its minimum value, then batteries can cover a part of the demand up to the maximum specified discharge rate. If, though, the deficit of power is too much or the SOC of the batteries too low, then the possibility of activating the diesel genset is examined. There is a minimum power output threshold set on 40% of its nominal power Pdg_n for it to be turned on, to ensure efficient operation and long lifetime of the diesel genset. So, if the power needed is lower than this threshold or if it exceeds the nominal power of the diesel genset, then part of the load needs to be shut down with total value Ptotalload_off. First the low priority load will be rejected (with power Ppll_off) and if it is not enough, the part of the high priority load Pplh_off will follow. The respective flow chart is depicted in Fig. 3 .
III. SIMULATIO
. Simulation -Scenario The autonomous hybrid power system to be used for the village electrification has been designed and sized to cover the inhabitants' needs during the entire year, taking into account the variable weather conditions and energy demand. For the interest of this paper, it is considered better to focus in one season; and this will be during September, when the energy yield both by PV and wind turbines reaches its highest average values.
In order to acquire a more complete picture of the performance of the model, but also of the operation of the designed system, the simulation will cover a period of four days (96 hours) with varying values of irradiance, temperature, wind speed and primary load inputs. The primary load daily curve has been determined in the first step of sizing the system using HOMER and includes the variance between working days and weekends, because of the different activities of the local people. As far as the deferrable load is concerned, the needed daily energy consumption for clean water provision to the village Edel is estimated to be 5190 Wh. Finally, the initial SOC of the battery (at t =0 h) is set to be 70%.
B. Simulation Results
The main results of the simulation that will be presented involve the operation of the microgrid in terms of power management among the different resources. Initially, the graphs related with power production by the photovoltaics and the wind turbine are presented in Fig. 4 . It is evident that the wind turbine's power production reaches its peak (equal to the nominal) around the noon of the first simulation day and remains high till the first hours of the second day. During the last 2 days though, the wind speed is so low that is not enough to have energy production from the wind turbine. On the contrary, the photovoltaics dominate in power production.
The different curves describing the power management strategy of the autonomous system during the four chosen September days are plotted in Fig. 5 including the following metrics: Pdif (the difference between the produced power by the renewable sources (Ppv+Pwt) and the primary load) -blue line-, the exchanged power with the battery Pbat (measured on the ac bus of the microgrid) -red line-, the deferrable load Pdel -orange line-and the dumped power Pdump, which can neither be stored nor be used on that time -green line-. X-axis line, where P=0, 'segragates' the conditions of power excess and power deficit. A positive Pdif means that the produced power is higher than the primary load of the village. On the contrary, a negative value indicates that the power produced at that time is not enough to cover the users' needs. Each one of these conditions triggers a series of different actions (described in Section II), in order to achieve a better and stable management of power in the system. An overview of the graph of Fig. 5 shows that there is a varying excess of power during the day, and lower amounts of power deficit during the night time. Nonetheless, it is visible that during this month, when the average performance of both energy sources is high enough, the magnitude of Pdif is considerable and could hinder the stable and efficient operation of the system. While observing Fig. 5 , focusing on the positive side of the y-axis, the reader can see that excess of power occurs mainly during morning till early evening hours (around 08 -19). It appears at 8 o'clock of the first day, when the photovoltaics start producing, while the wind turbine has been operating since the previous night. When this happens, there is a complete coverage of the load, while at the same time batteries absorb the extra power with an increasing rate, till they reach their maximum allowed charge rate at around 9 o'clock. After that time, they keep charging but with steady rate till 14:00, when they get almost fully charged and are disconnected to get protected from overcharging. However, dumped power has begun to increase, since around 10 o'clock, because the primary load, the batteries and the deferrable load are not sufficient to consume all the injected by RES to the microgrid power. In few occasions, the dumped power even reaches the amount of the power difference, meaning that almost all the excess power is thrown away especially during the second day. The magnitude of Pdump is significantly lower during the last two days, since the production level has been also decreased.
Taking a closer look to the negative part of y-axis of the same graph, the reader can also notice that the batteries (red line) can cover the biggest part of power shortage. The diesel generator is not switched on, because the remaining power demand is not enough to reach the defined power threshold justifying its efficient operation (0.4* Pdg_n= 3.8 kW). Consequently, parts of the load need to be disconnected, as shown in Fig. 6 ; nevertheless, the amount of the primary energy demand remaining uncovered is really small in comparison with the whole energy consumption, much less than 3% that was the maximum allowable limit. There is no load shedding at all in the first day, but during the third day, when there is lower power production, the rejected load reaches its peak.
The graphs of Fig. 5 and Fig. 7 describe the batteries performance during these days of September. There, the power exchanged between the battery and the grid is plotted, as well as the SOC during the simulation time. During the first two days, the SOC of the battery remains at high level, since there is plenty of produced power, but at the following days the batteries are required to cover a significant part of the energy demand causing a decrease in the SOC of the battery bank.
One component of the system getting activated during excess power conditions is not clearly shown in Fig. 5 , because of its comparatively low values, and this is the deferrable load, which involves water pumping and purification. The values of battery SOC, the excess power and the energy consumed by itself determine its activation, as it was described in Section II.C. Its operation is presented in the graphs of Fig. 8 and Fig. 9 . At around 8 o'clock there is adequate power to serve the need for both water pumping and purification. At 13:00, all the amount of needed water is pumped, but it remains to be purified, which is completed at 17:30. The second day, the required excess of power for water treatment purposes occurs much earlier, only at 24:00 (at midnight), since the batteries have remained highly charged during the first day. At Fig. 9 , the energy absorbed by the deferrable load Edel is plotted in the way it is measured and controlled in the model. At the end of each day it gets nullified, but before, it needs to have reached the amount of 5190 Wh, which corresponds to the daily need of clean water for this village. However, the third day, it is not covered since there is not enough excess of energy.
Here is where the role of the deferrable load in the operation of the system should be considered: if the deferrable load will be considered as a service which is vital but can be shifted during the day or service which can also improve the storage capacity of the system. In this case, the latter consideration applies, but to be on the safe side, during the design of the system, there was predicted to have and provide the system with three days storage of water appropriate for usage, so that no problem would be caused in a case like the third day. It is also taken into consideration that part of the power which is now dumped can be used to store and treat supplementary water quantities.
The plots of the produced electrical energy in relation with the energy demand, the dumped electrical energy, and the energy stored either in the batteries or through the deferrable load are shown in Fig. 10 . Here, it is shown that a percentage lower than 30% of the produced electrical energy fails to be exploited. In these areas though, every amount of available energy is crucial. Consequently, it is significant to investigate alternative solutions increasing the usability fraction of the system. The small expansion of the battery pack or a different control of the conditions under which it charges and of its maximum permitted current could be one way to reduce the problem. This could involve the installation of a battery charging station facilitating also the villages nearby, which may not have access to electricity network yet.
A profitable solution for the village would be to involve a small industrial application which could run some days during months with high average power production, or to perform the purification of higher amounts of water that could either be stored and locally used or being sold to generate an additional income for the inhabitants and improve the overall Fig. 7 . The SOC of the battery during the simulation period. Fig. 8 . Power consumed by the deferrable 1oad for water pumping and purification Pdel. Fig. 9 . Energy consumed by the deferrable load Edel. Fig. 10 . Energy plots 1 describing the management of the surplus of power in the system with the renewable energy produced Eproduced, the energy demand Eload, the energy exchanged with the battery and used for water Ebat_charging_plus_Edel and the energy failed to be exploited by the system Edumped .
performance of the system. Another alternative is to use the pumped water for irrigation purposes, except for the rainy season months (April, May, November, December) [22] . The provision of hot water for daily usage is an additional option.
An example of a small industrial application, that was done in Ethiopia, is to use the extra power to run small flour mill. This was initially done in for a much bigger community [9] , but still, it could be implemented here using a small mill of 3 kW. Under this provision, the 'Energy Excess' graph is given in Fig. 11 , where it is shown that the amount of not used energy decreased approximately to the 23 % of the total energy production and could be further improved through the appropriate combination of different actions briefly described above. Fig. 11 . Energy plots describing the management of the surplus of power in the system, if a small flour mill is added in the system. IV. CONCLUSION As it has been shown, an autonomous hybrid power system electrifying remote areas can be altered to serve in the best way the needs of the inhabitants and offer a wide range of services. The importance of the efficient use of the produced energy in these cases is much higher here and the most effective operational strategy should be chosen. In this model, an initial approach to this problem has been made to simulate the operation of a system produced by HOMER (in terms of its configuration). The main issues pointed out include the importance of the battery storage control and the deferrable load or extra services provided to harvest the highest possible percentage of produced energy. It was shown that by just adding a small common flour mill the dumped energy reduced by 7%. Different combination of such services can be applied to improve more the behaviour of the system and the specific model is easily adaptable to follow various strategies and alternatives.
